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One of the exceptional properties of the brain is its
ability to acquire new knowledge through learning
and to store that information through memory. The
epigenetic mechanisms linking changes in neuronal
transcriptional programs to behavioral plasticity re-
main largely unknown. Here, we identify the epige-
netic signature of the neuronal enhancers required
for transcriptional regulation of synaptic plasticity
genes duringmemory formation, linking this to Reelin
signaling. The binding of Reelin to its receptor, LRP8,
triggers activation of this cohort of LRP8-Reelin-
regulated neuronal (LRN) enhancers that serve as
the ultimate convergence point of a novel synapse-
to-nucleus pathway. Reelin simultaneously regu-
lates NMDA-receptor transmission, which recipro-
cally permits the required g-secretase-dependent
cleavage of LRP8, revealing an unprecedented role
for its intracellular domain in the regulation of synap-
tically generated signals. These results uncover an
in vivo enhancer code serving as a critical molecular
component of cognition and relevant to psychiatric
disorders linked to defects in Reelin signaling.
INTRODUCTION
Throughout life, in response to environmental cues, the nervous
system is required to make appropriate changes at the level of
neural circuitries that might be governed by changes in gene
expression. Indeed, precise temporal and spatial control of
gene transcription is required for the development of the com-
plex brain architecture consisting of hundreds of cell types
with highly specialized functions (Bernard et al., 2012; Zeng
et al., 2012). Although remarkable progress has been made to-
ward generating genome-wide atlases of transcriptional profiles
across the adult brain (Hawrylycz et al., 2012; Lein et al., 2007),
the global contributions of gene expression patterns to in vivo
behavioral processes remain largely unknown. Advances in the696 Neuron 86, 696–710, May 6, 2015 ª2015 Elsevier Inc.past 2 decades have unambiguously shown that epigenetic
mechanisms leading to finely tuned gene expression patterns
are essential for regulating individual neuronal activity and for
sustaining function of neuronal circuits involved in higher level
cognitive behaviors (Telese et al., 2013; West and Greenberg,
2011). A sophisticated pattern of epigenetic control of cognition
is emerging from studies of DNA methylation (Guo et al., 2011;
Kaas et al., 2013; Miller et al., 2010; Rudenko et al., 2013), his-
tone modifications (Gra¨ff et al., 2012, 2014; Gupta et al., 2010;
Peleg et al., 2010), and RNA metabolism (Gao et al., 2010; Raja-
sethupathy et al., 2012; Shirayama et al., 2012).
Studies of genome-widemaps of enhancers in themammalian
genome have estimated that there are 7 3 104–105 enhancers
per cell (Consortium et al., 2012; Thurman et al., 2012). Interest-
ingly, a widespread association of disease-linked DNA variations
in these regulatory elements has been reported (Grossman et al.,
2013; Hah et al., 2013; Kim et al., 2010; Li et al., 2013; Maurano
et al., 2012; Ripke et al., 2013). Enhancers are themselves regu-
lated transcription units that act to potentiate transcription, puta-
tively by delivering important regulatory factors to the promoter
through long-range physical interactions with coding genes pro-
moters (Hah et al., 2013; Kim et al., 2010; Li et al., 2013; Sanyal
et al., 2012; Shlyueva et al., 2014). Distal enhancer elements
control cell-type transcriptional specificity and orchestrate the
extraordinary array of functional diversity in developing tissues
in controlled spatiotemporal dynamics (Consortium et al.,
2012; Pennacchio et al., 2006; Shen et al., 2012; Visel et al.,
2013). Based on the critical roles of enhancers in virtually every
aspect of regulated transcriptional programs, it becomes clear
that uncovering enhancer regulatory strategies will be important
to explicate brain functions.
The Reelin pathway has been well documented to regulate
synaptic plasticity (Qiu et al., 2006b; Rogers et al., 2011;
Weeber et al., 2002). Reduction in Reelin expression is detected
in many psychiatric disorders, including schizophrenia, major
depression, epilepsy, and autism (Folsom and Fatemi, 2013),
thus making it a key candidate pathway for investigation of
neuronal function. The extracellular protein, Reelin, has been
shown to be a critical factor for the proper development of the
laminated neocortex (D’Arcangelo et al., 1995; Rice and Curran,
2001). Recent findings indicate that in the mature brain Reelin
promotes long-term potentiation (LTP) through modulation of
glutamatergic synaptic transmission (Beffert et al., 2005; Chen
et al., 2005; Qiu et al., 2006a, 2006b; Rogers et al., 2011; Trotter
et al., 2013; Weeber et al., 2002). The emerging literature sug-
gests a predominant role of the Reelin receptor, LRP8, in medi-
ating neuroplasticity in the adult brain, where it is suggested to
be a functional component of a multiprotein complex containing
the NMDA receptor (NMDA-R) at excitatory synapses (Beffert
et al., 2006; Hoe et al., 2006; Weeber et al., 2002). The cyto-
plasmic domain of LRP8 acts as a signal transducer for the
cascade of events initiated by Reelin through a protein-protein
interaction network based on its conserved NPTY motif recog-
nized by several adaptor proteins, including DAB1 (Tromms-
dorff et al., 1999). Therefore, it is of particular interest to uncover
the molecular mechanisms by which the Reelin-LRP8 pathway
modulates synaptic plasticity events central to learning and
memory.
Here, by integrating behavioral paradigms with genomic and
transcriptomic strategies, we provide evidence that the Reelin
pathway controls learning and memory through activation of
specific cohort of cis-regulatory enhancer elements. Because
these enhancers are activated by Reelin-LRP8 signaling, we
refer to these as the LRP8-Reelin-regulated neuronal (LRN)
enhancers. We elucidate the molecular signature of the LRN
enhancers, which involves combinatorial actions of the tran-
scription factors (TFs) CREB and MEF2, a switch in occupancy
between the NCoR co-repressor and the CBP co-activator
complexes, and precise 3D patterns of enhancer-promoter in-
teractions. CRISPR-mediated interference of enhancer activity
documents that LRN enhancers are required for activation of
synaptic plasticity genes that constitute a core component of
the transcriptional events observed in a fear conditioning
paradigm. Furthermore, we report a novel crosstalk between
NMDA-R activity and g-secretase-dependent release of the
LRP8 intracellular domain (ICD) as a necessary component of
this epigenomic pathway. Collectively, our results indicate
that alterations of the Reelin pathway lead to misregulation of
a specific enhancer-driven transcriptional program that could
underlie impairment of cognitive functions in a variety of mental
illnesses.
RESULTS
Reelin Signaling Induces Transcriptional Programs
Linked to Learning and Memory
To evaluate whether specific transcriptional programs are
initiated by Reelin signaling, we generated transcriptomic pro-
files via global-run on sequencing (GRO-seq) using primary
cortical neurons treated for 1 hr with 10 nM purified recombinant
Reelin protein (RELN) (Figures S1A and S1B). Using a cutoff
threshold of 1.5-fold change and a false discovery rate (FDR)
of 0.001, we detected dynamic changes in the nascent tran-
scripts of 1,324 coding genes (Table S1). Themajority of differen-
tially expressed genes (941; 71%) were upregulated (hereafter
referred to as Reelin target genes) (Figure 1A). Gene functional
annotations related to regulation of neuroplasticity processes
were overrepresented in the Reelin-regulated transcriptome
(Figure 1B). Moreover, Reelin target genes were positively
associated with genes implicated in neuropsychiatric disorders,suggesting a biological relevance of this pathway to disease
phenotypes (Figure 1C). Reelin robustly induced the expression
of synaptic activity-dependent genes, the regulation of which is
a candidate mechanism for NMDA-R-dependent LTP during
memory formation (Flavell and Greenberg, 2008; Kandel et al.,
2014), as shown in a representative UCSC browser image in Fig-
ure 1D and confirmed by quantitative RT-PCR (qRT-PCR) (Fig-
ure S1C). Given that Reelin modulates NMDA-R activity in a
Src-dependent manner (Chen et al., 2005), we examined the
extent of co-regulation of transcriptional events triggered by
Reelin and NMDA-R signaling pathways. Therefore, we gener-
ated transcriptional profiles by RNA-seq using cortical neurons
stimulated by the GABAA receptor blocker bicuculline (50 mM)
that increases NMDA-R-dependent excitatory synaptic trans-
mission (Figure S1D). Roughly 30% of Reelin-dependent genes
were synergistically co-regulated byNMDA-R activation (Figures
S1E and S1F), suggesting that NMDA-R activation contributes to
the Reelin-dependent nuclear signaling. In support of our hy-
pothesis, we found by qRT-PCR that the activation of Reelin
responsive genes is dramatically impaired by pharmacological
inhibition of Src tyrosine kinases (PP2) and by antagonists of
NMDA-R (D-AP5), but not antagonists of AMPA receptors
(CNQX). It is also impaired by inhibitors of calcium/calmodulin-
dependent protein kinase (KN62) that has been implicated in
the induction of LTP (Lucchesi et al., 2011; Shalin et al., 2004)
(Figure 1E). Consistent with this, Reelin treatment induces phos-
phorylation of active forms of ERK1/2 and CaMKII, along with
phosphorylation of AKT, which serves as a hallmark of activation
of the Reelin signaling pathway (Figure 1F) (Beffert et al., 2002).
Although a large body of evidence has clearly demonstrated
the role of Reelin in the regulation of synaptic plasticity at the
cellular level, the requirement of Reelin signaling for cognitive be-
haviors has been a controversial debate due to a variety of
behavioral paradigms used in distinct laboratories. To examine
the potential relevance of our findings in vivo, we used a classical
form of robust associative learning (contextual fear paradigm) in
the heterozygous Reeler mice (HRM) and in LRP8-KO mice
(Rudy et al., 2004). We observed a severe impairment in freezing
behaviors in these mutant mice that reflects a loss of long-term
memory formation in absence of intact Reelin signaling (Fig-
ure 1G). These studies corroborate the role of a novel syn-
apse-to-nucleus signaling triggered by Reelin-LRP8 signaling
connecting transcriptional control to learning and memory
behaviors.
Reelin Signaling Activates Specific Cohorts of Enhancer
Elements in the Genome
To explore the epigenetic mechanisms underlying the Reelin-
dependent transcriptional program, we surveyed the chromatin
landscape in cortical neurons by chromatin immunoprecipitation
(ChIP-seq) of histone tail modifications associated with active
chromatin states (H3K4me2, K3K27Ac, H4K16Ac) (Heintzman
et al., 2009). We identified several thousand putative distal en-
hancers elements (Figure S2A). To examine how these chro-
matin states relate to enhancer activity in a signaling-dependent
fashion, we profiled the genome-wide distribution of the histone
acetyl transferase, CBP, upon Reelin treatment. CBP has served
as a predictor of enhancers with tissue-specific activity, and itNeuron 86, 696–710, May 6, 2015 ª2015 Elsevier Inc. 697
Figure 1. Reelin Activates a Transcriptional Program Linked to Learning and Memory
(A) Pie chart showing genes regulated by Reelin assessed by GRO-seq analysis (FDR < 0.001, fear conditioning [FC] > 1.5) in cortical neurons treated 1 hr with
10-nM Reelin.
(B) Gene Ontology analysis of Reelin-regulated genes showing the top-enriched terms. Asterisks (*) indicate annotations that are related to synaptic plasticity.
(C) Genetic association analysis of all Reelin-regulated genes using DAVID.
(D) Top Reelin-regulated genes are ranked by fold change. UCSC genome browser images showing Reelin-induced transcription by GRO-seq of selected target
genes linked to synaptic plasticity.
(E) qRT-PCR results indicating that Reelin-induced genes are inhibited by specific inhibitors (1-mM PP2, 100-mM D-AP5, 40-mM CNQX, 10-mM KN62). RNA was
analyzed 6 hr post-treatment. Data are normalized against Gapdh. Data are shown as mean ± SD; *p < 0.05 (two-tailed Student’s t test).
(F) Western blots analysis of cortical neurons stimulated with Reelin (10 nM, 0.5 hr), using antibodies against the phosphorylated form of ERK1/2, CaMKII, and Akt.
GAPDH antibody was used as a loading control.
(G) Heterozygous Reeler (HET) and LRP8-KOmice demonstrate impaired associative fear memory acquisition in contextual paradigms (auditory cue: 30 s, 85-dB
tone; foot shock: 2 s, 0.5 mA, constant current). Histograms represent the percentage of freezing behaviors (error bars ± SD; *p < 0.05 or **p < 0.001 by two-tailed
Student’s t test).
See also Figure S1.has been reported to label activated enhancers in depolarized
neurons (Kim et al., 2010; May et al., 2012). We observed that
Reelin stimulation results in the induction of CBP recruitment
to its target loci (Figure S2B). The H3K4me2-marked enhancers
co-occupied byCBP upon Reelin treatment (n = 4,175) are highly
enriched for motifs recognized by neuronal TFs, including MEF2698 Neuron 86, 696–710, May 6, 2015 ª2015 Elsevier Inc.and CREB, which have been described as key regulators of syn-
aptic plasticity (Figure 2A) (Akhtar et al., 2012; Deisseroth et al.,
1996; Dietrich, 2013; Flavell et al., 2008). Western blot analysis
documented that Reelin robustly induced phosphorylation of
CREB at serine 133 (Gonzalez and Montminy, 1989) and phos-
phorylation of HDAC4 at serine 632, consistent with HDAC4
nuclear export that is required forMEF2 transcriptional activation
(Wang et al., 2000) (Figure 2B). Therefore, we carried out ChIP-
seqs in cortical neurons exposed to Reelin for 1 hr using anti-
bodies against CREB and two different isoforms of MEF2 TFs
(MEF2A andMEF2C), which are highly expressed in cortical neu-
rons (Figure S2C). A representative UCSC browser image de-
picting the epigenomic changes induced by Reelin is shown in
Figure 2C for the Nr4a1 locus. Reelin substantially increased
CREB and MEF2C binding to their genomic loci, but did not alter
the recruitment of MEF2A, suggesting a specific involvement
of MEF2C, which is particularly intriguing given that MEF2C
is the only isoform required for positive regulation of hippocam-
pal associative learning (Barbosa et al., 2008) (Figure S2B).
We observed a largely conserved distribution of MEF2A and
MEF2C binding patterns (Figure S2D) and a widespread associ-
ation with distal enhancers sites, suggesting that they may func-
tion as lineage-specific components of neuronal enhancers (Fig-
ure S2E). Conversely, the CREB binding occurs at both promoter
(57%) and enhancer regions (43%) (Figure S2E). The majority of
Reelin targets (60%) strongly correlated with CREB binding
simultaneously at promoters and enhancers (Figures 2D and
S2F), indicating that promoter binding is generally not sufficient
to engage transcriptional changes, while the presence of
CREB on enhancers is required. Comparative genomic analysis
of different TFs in a variety of cell types has suggested that a
typical signature of enhancers is the presence of multiple TFs
(Chen et al., 2008). To gain insight into in the functional enhancer
signature underlying the Reelin-induced epigenomic events, we
analyzed different genomic regions based on the interplay of
CREB and MEF2 TFs. Scatter plots of the tag counts around
genomic coordinates of MEF2 and CREB-occupied enhancers
sites show that enhancers co-bound by both factors predomi-
nantly coincide with the most active enhancers labeled by CBP
upon Reelin treatment (Figure 2E).
While long-term gene repression is maintained mainly by his-
tone modifications associated with heterochromatic regions,
signal-dependent regulation of gene transcription can be medi-
ated by dynamic exchange of corepressor and coactivator com-
plexes (Baek et al., 2002; Lee et al., 2001; Perissi et al., 2004,
2010). We examined the possible role of the NCoR corepressor
complex, a known component of the HDAC complexes, in-
cluding HDAC4, which specifically regulates MEF2 TFs activa-
tion and is involved in learning and memory (Fitzsimons et al.,
2013; Sando et al., 2012). NCoR ChIP-seq showed that approx-
imately 60% of NCoR binding sites co-localized with distal en-
hancers elements and, strikingly, Reelin treatment triggered a
substantial dismissal of the NCoR corepressor machinery from
these binding sites (Figures S2B and S2E). Accordingly, NCoR
ability to bind to MEF2C is greatly impaired by Reelin treatment
(Figure S2G). Furthermore, ChIP-seq tag distribution profiles of
proximal or distal cis-regulatory elements revealed that these
dynamic changes occur predominately at specific cohorts of
enhancer sites activated by Reelin, as compared with most of
the conventional neuronal enhancers that recruit MEF2 TFs (Fig-
ure 2F). Similar results were obtained when H3K27Ac-marked
enhancers were analyzed (data not shown). These results
permitted us to identify a signature of the Reelin-regulated
enhancer code that we refer to as LRP8-Reelin-regulatedneuronal (LRN) enhancers. We identified 738 distal sites showing
the LRN enhancer signature based on CBP, CREB, and MEF2
recruitment and NCoR dismissal (Figure S2H). Consistent with
these results, the LRN enhancers correlated with the highest
level of active histone marks (Figures 2G and S3A) and with the
most induced eRNA transcripts (Figure 2G). Recent studies
demonstrated that eRNAs are locally generated by Pol II as bidi-
rectional non-coding transcripts important in establishing en-
hancers function and in regulating gene transcription through
various mechanisms (Kim et al., 2010; Lam et al., 2013; Li
et al., 2013; Wang et al., 2011). These results provide evidence
that combinatorial action of CREB and MEF2 TFs, together
with a signaling-dependent switch of CBP and NCoR com-
plexes, is a hallmark of LRN enhancers, which are themselves
signal-responsive transcription units.
Reelin-Induced g-Secretase-Dependent Release of
LRP8 ICD and NMDA-R Activity
In neurons, synapse-to-nucleus communication is a widely
used process for relaying extracellular stimuli to the nucleus.
Various mechanisms of nucleocytoplasmic shuttling of synapti-
cally enriched components have been reported, including the
regulated intramembrane proteolysis of g-secretase substrates
that results in the release of an ICD, which accumulates in the
nucleus and acts as an intermediary in the transmission of
extracellular stimuli (Selkoe and Wolfe, 2007). Because it is
known that the Reelin receptor, LRP8, is a substrate of g-sec-
retase activity in vitro (Hoe and Rebeck, 2005; May et al.,
2003), we investigated whether LRP8 undergoes this process
in vivo in a signaling-dependent manner. We confirmed that
the proteolytic processing of LRP8 occurs in vivo by using frac-
tionated protein extracts of cortical brain dissections obtained
from WT and LRP8-KO mice (Figures 3A and S3B). We de-
tected three major proteolytic products of LRP8, including the
full-length mature form (105 kDa), the carboxy-terminal frag-
ment generated by extracellular shedding (25 kDa), and the
ICD released by intramembranous cleavage by g-secretase
activity (14 kDa), which translocates into the nuclear fraction.
Treatment of cortical neurons with recombinant Reelin pro-
tein enhanced the release of LRP8-ICD that was specifically
blocked by g-secretase inhibitors (GSIs) (Figure 3B). To
begin to evaluate the involvement of LPR8-ICD in the trans-
criptional regulation, we used GAL4-based transactivation
assays. When fused to the GAL4 DNA binding domain, LRP8-
ICD showed a transactivation activity that was significantly
enhanced by the co-expression of SRC and DAB1 (Figure 3C),
suggesting that the core components of Reelin signaling are
required to promote LRP8-ICD function in the nucleus. To
further explore the involvement of g-secretase activity in the
regulation of Reelin-dependent transcriptomes, we performed
RNA-Seq profiling of cortical neurons treated with Reelin in
presence or absence of GSIs. Blocking the g-secretase activity
was sufficient to abolish the Reelin-induced transcriptional
changes (Figures 3D and 3E). These results indicate a direct
involvement of g-secretase-mediated cleavage of LRP8 as an
upstream step in the synapse-to-nucleus communication pro-
moted by Reelin. Furthermore, LRP8-ICD was recruited to
LRN enhancers (Figure 3F), and transient knockdown of LRP8Neuron 86, 696–710, May 6, 2015 ª2015 Elsevier Inc. 699
Figure 2. Definition of LRN Enhancers
(A) De novomotif analysis of CBP-occupied H3K4me2 enhancers showing the top enriched TFmotifs after Reelin treatment (10 nM, 1 hr), with associated p values
as indicated.
(B) Western blots of cortical neurons stimulated with 10-nMReelin for 30min using antibodies for phosphorylated CREB and HDAC4; CREB antibody is used as a
loading control.
(legend continued on next page)
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by siRNA in cortical neurons leads to substantial reduction of a
reporter gene transcription driven by a FOS enhancer carrying
the LRN enhancer signature (Figure 3G). Intriguingly, we
observed that the activation of NMDA-R by bicuculline treat-
ment does not overcome the lack of regulated intramembrane
proteolysis of LRP8, as demonstrated by qRT-PCR experi-
ments in which the inhibition of g-secretase activity was suffi-
cient to block NMDA-receptor-dependent transcriptional regu-
lation (Figure 3H). Accordingly, bicuculline treatment enhanced
the release of the LRP8-ICD (Figure 3I), indicating that there is a
mutual interdependence between the LRP8 and NMDA recep-
tors, both of which functionally interact at post-synaptic den-
sities (Hoe et al., 2006). Our data suggest that the processing
of LRP8 by g-secretase activity represents a shared component
of two signaling cascades initiated at the membrane level
by ligand-induced stimulation. This crosstalk might ultimately
serve as reinforcing mechanism to achieve optimal gene ex-
pression regulation.
LRNEnhancers Are Required for the Activation of Reelin
Target Genes
To gain further insights into the contribution of LRN enhancers in
the regulation of Reelin target genes, we took advantage of a
recently developed Cas9/CRISPR (clustered regularly inter-
spaced short palindromic repeats) methodology (Cong et al.,
2013), in which a catalytically inactive or ‘‘dead’’ Cas9 (dCas9)
can be exploited as a platform for site-selective RNA-guided
transcriptional regulation (Qi et al., 2013). We designed small
guide RNAs (sgRNAs) targeting DNA sequences encoded in
the LRN enhancers in proximity of key Reelin-dependent genes.
For each enhancer, we multiplexed four different sgRNAs
directed to the core region encompassing CREB and MEF2
binding sites. We co-expressed the sgRNAs by lentiviral infec-
tion of cortical neurons together with a version of dCAS9 protein
fused to a transcriptional repression domain (the Kru¨ppel-asso-
ciated box [KRAB] domain), which efficiently triggers gene
expression silencing if guided by a specific sgRNA (Gilbert
et al., 2013; Maeder et al., 2013) (Figures 4A and S4A). Using
qRT-PCR experiments, we demonstrated that blocking the ac-
tivity of LRN enhancers was sufficient to abolish the activation
of Reelin-dependent genes (Figure 4B). Furthermore, using a
luciferase reporter assay, we found that LRN enhancers confer
an intrinsically higher activity compared with other enhancers
(Figure 4C). These results provide strong evidence that the
activation of LRN enhancers directly plays a pivotal role in
orchestrating signal-dependent transcriptional regulation and(C) A representative genome browser image depicting ChIP-seq binding pattern
which was enhanced by Reelin (GRO-seq).
(D) Radar plot showing the frequency of occupancy of CREB at enhancers and/o
genes.
(E) CREB and MEF2 co-bound genomic sites are visualized by their respective n
treated condition; top-enriched peaks overlapping with CBP are visualized in red
(F) Profile plots of normalized ChIP-seq tag intensities for the indicated transcript
regulated genes or MEF2A binding peaks on distal H3K4me2-marked elements, i
center of each plot is shown. A schematic diagram of distinct regulatory regions
(G) Tag density profiles based on the same regulatory regions as in Figure 2F sho
eRNA transcripts by GRO-seq across the LRN enhancers.
See also Figures S2 and S3.is a crucial step in the synapse-to-nuclear signaling triggered
by Reelin via NMDA-R.
LRN Enhancers Engage in Long-Range Interactions with
Target Promoters
Physical communication between distal cis-regulatory se-
quences in the genome utilizes chromatin looping and serves
as a 3D platform for fine-tuned regulation of several cellular
processes, including gene expression (Jin et al., 2013; Sanyal
et al., 2012; Zhang et al., 2013). To further investigate the pos-
sibility that LRN enhancers engage in long-range interactions
with target promoters of Reelin-induced genes, we carried
out 4C-sequencing (4C-Seq) experiments in cortical neurons.
We took advantage of two cutter 4C-Seq method to identify
specific looping interactions in an unbiased manner after
defining a ‘‘view point’’ of interest positioned near a promoter
site (van de Werken et al., 2012). We focused on the Fos
gene locus due to its complex genomic architecture character-
ized by four distinct enhancers displaying the LRN enhancer
signature (Figure 5A). Analysis of 4C contact profiles from
duplicate experiments revealed that LRN enhancers engage
in long-range interactions with target coding gene promoters
(Figures 5B and S5A). Importantly, the chromatin architecture
of the Fos locus was conserved in vivo, as shown by 4C con-
tact profiles detected in the hippocampal regions of WT mice
(Figures 5C and S5B), suggesting that precise 3D architecture
may be involved in modulation of brain function in vivo. Given
that the 4C method does not allow for accurate measurement
of looping dynamics, we hypothesized that mapping the medi-
ator complex (Kagey et al., 2010) could begin to answer the
question of whether activation of LRN enhancers relies on dy-
namic long-range interactions. Therefore, we carried out ChIP-
seq experiments for mediator components MED1 and MED23,
which have been linked to intellectual disability (Hashimoto
et al., 2011). The ChIP-seq analysis revealed that mediator
complex is specifically recruited to LRN enhancers upon Reelin
signaling (Figure 5D), suggesting that looping interactions of
LRN enhancers and promoters serve as a 3D platform that con-
trols the actions of enhancers on their specific targets and inte-
grate an additional layer of regulation to the molecular signa-
ture of Reelin-regulated cistromes.
Reelin-Dependent Epigenomic Events Are Required for
Hippocampal-Dependent Associative Learning
Based on our results, we hypothesized that Reelin-dependent
transcriptional programs dictated by LRN enhancer activity mays at distal H3K4me2-enhancers at the Nr4a1 gene locus, the transcription of
r promoter sites of Reelin-regulated genes compared with Reelin-independent
ormalized ChIP-seq tag counts (log2) within 200 bp of a given peak in Reelin-
.
ional factors/co-factors. Each tag density profile is centered on TSS of Reelin-
ncluding conventional enhancers and LRN enhancers. Additional 2 kb from the
around Reelin-induced genes is depicted in the top.
w the enrichment of active enhancer marks by ChIP-seq and the induction of
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Figure 3. Bidirectional Regulation of Reelin-Dependent Transcriptome by g-Secretase-Mediated Release of LRP8-ICD and NMDA-R
Signaling
(A) Western blot results of immunoprecipitation with anti-LRP8 antibody from brain cortex of WT andmutant LRP8-KOmice showing the proteolytical processing
of LRP8; only the ICD fragment is present in the nuclear fraction. A diagram of the cleavage events is depicted on the left.
(legend continued on next page)
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Figure 4. LRN Enhancers Are Required for
Transcriptional Activation of Target Coding
Genes
(A) Schematic describing the experimental CRISPR
interference approach to inhibit LRN enhancer
activity in cortical neurons.We hypothesize that the
catalytically inactive CAS9 fused to the repression
domain, KRAB, can interfere with enhancer activity
and abolish the expression of cognate coding
genes.
(B) dCas9-KRAB fusion protein in presence of
gdRNAs directed against specific LRN enhancers
efficiently silences expression of coding genes in
transduced cortical neurons upon stimulation with
bicuculline (50 mM, 6 hr). qRT-PCR experiments
show fold induction calculated based on three
independent experiments as mean ± SD, *p <
0.05.
(C) Assessment of enhancer activity by cloning
several enhancer genomic regions (1 kb) upstream
of the luciferase reporter gene driven by the Fos
minimal promoter. Bars represent mean normal-
ized values from three independent experiments ±
SD, *p < 0.05 (two-tailed Student’s t test).
See also Figure S4.ultimately serve as an epigenetic mechanism underlying learning
andmemory formation. To tracememories at the molecular level,
we examined the gene expression patterns induced by fear con-
ditioning in hippocampal regions of WT and HRM by generating
transcriptionalprofilesafter24hrofcontextual training (Figure6A).
Analysis of differentially expressed genes identified 234 regulated
genes inWThippocampi, hereafter referred toas ‘‘learninggenes’’
(Figures 6B and S6A; Table S3). We observed a significant reduc-
tionof learninggenesactivation in theHRM,whichexhibit a severe
impairment in theexecutionof thisbehavioral task (Figures1Gand
6C), providing clear evidence that intact Reelin signaling is
required for the regulation of specific transcriptional programs
during long-termmemory formation.Of these induced transcripts,
30%corresponded to those exhibiting robust transcriptional in-(B) Western blot data from protein extracts of cortical neurons showing that the
abolished in the presence of 1-mM GSIs.
(C) Luciferase reporter assay showing the effect of the LRP8-ICD when fused to
luminescence units (RLUs) were measured 24 hr after transfection and values no
dividual experiments; *p < 0.005 (two-tailed Student’s t test).
(D) Box-and-whisker plots of expression values for genes upregulated or downre
expression value in log2 of fold changes. The central horizontal bar indicates the
(E) UCSC genome browser images showing the normalized RNA-seq tag densities
in the absence or presence of 1-mM GSIs.
(F) ChIP-qPCR showing the recruitment of LRP8 on specific enhancer elements
recruitment values compared with control IgG ChIPs. Each sample represents a
(G) Effect of siLRP8 on the activity of enhancers driving a luciferase reporter gene
three independent experiments ± SD. *p < 0.05 (two-tailed Student’s t test).
(H) Fold change in gene expression of representative coding genes quantified by
presence or absence of GSIs. Data represent mean ± SD. *p < 0.05 (two-tailed S
(I) Western blot results from total protein extracts immunoprecipitated with anti-LR
or absence of 1-mM GSIs.
See also Figure S3.duction upon Reelin treatment (Table S3) and, intriguingly, corre-
sponded to key genes important for neuroplasticity events and
extracellular matrix (ECM). This result provides an intriguing
perspective for future investigation given the well-documented
function of ECM dysfunction in schizophrenia (Berretta, 2012)
(Figure 6D).
To further investigate the extent to which LRN enhancer activ-
ity contributes to the cognitive deficits of HRM, we mapped the
enhancer landscape in the hippocampi of WT and HRM. The
chromatin state of LRN enhancers, labeled by active enhancer
marks (H3K27Ac and H4K16Ac), was significantly impaired in
absence of intact Reelin signaling (Figure 6E). Accordingly, we
showed by conventional ChIP that the recruitment of LRN
enhancer-associated transcriptional regulators was stronglyprocessing of LRP8 is enhanced in the presence Reelin (10 nM, 0.5 hr) and
the Gal4 DNA-binding domain in the presence of SRC and/or DAB1. Relative
rmalized to Firefly/Renilla. RLU are shown as means ± SD based on three in-
gulated by Reelin treatment showing the effect of the GSIs. The y axis shows
median fold change.
forNpas4, Fos,Arc, and Egr1 genes in Reelin-stimulated neurons (10 nM, 6 hr)
in hippocampi from WT and mutant LRP8-KO mice. The y axis represents fold
pool of hippocampal dissections from four individual animals.
compared with a control siRNA. Bars represent mean normalized values from
RT-qPCR from cortical neurons stimulated with 50-mM bicuculline for 6 hr in
tudent’s t test).
P8 antibodies in bicuculline-stimulated neurons (50 mM, 0.5 hr) in the presence
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Figure 5. LRN Enhancers Engage in Long-Term Interactions with the Promoter of Their Target Gene
(A) UCSC browser image of the Fos genomic locus showing normalized tag counts for GRO-seq and indicated ChIP-seqs; gray bars indicate the location of
distinct LRN enhancers (e1–e4).
(legend continued on next page)
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altered (Figure 6F), suggesting that LRN enhancers activity is
crucial for licensing appropriate transcriptional regulation in the
brain in response to environmental stimuli.
Together our results uncover a novel molecular mechanism
that enables the information delivered by Reelin at the synapses
to be transferred to the nucleus, where it is deciphered by tran-
scriptional/co-factors complexes at the level of specific cis-reg-
ulatory elements, which drive the expression of neuroplasticity
genes important for learning and memory in vivo. This long-dis-
tance communication signaling involves the g-secretase-depen-
dent release of the LRP8-ICD, which is required for calcium influx
through NMDA receptor and is essential to drive gene expres-
sion within the nucleus (Figure 7).
DISCUSSION
Reelin Signaling Promotes Activation of Transcriptional
Programs Linked to Learning and Memory
In the past 3 decades, groundbreaking studies from Aplysia and
subsequently from mammalian models have clearly demon-
strated that long-term plasticity critically depends on transcrip-
tional activation and protein synthesis of activity-dependent
genes, which are robustly turned on by the activity of CREB
(Kaang et al., 1993; Schacher et al., 1988; Sheng et al., 1990).
However, the underpinning epigenomic mechanisms and their
link to behavioral outputs have yet to be resolved. Here, we
expand our understanding of activity-dependent transcriptional
activation by utilizing the power of genomic technologies, which
enable new perspectives in the understanding of the molecular
mechanisms of neuroplasticity. We provide clear evidence that
the Reelin-LRP8 pathway is required for hippocampal-depen-
dent associative learning and is directly linked to epigenomic
events that support memory formation. We used GRO-Seq to
reveal that stimulation of cortical neurons with Reelin results in
the rapid activation of a transcriptome linked to learning and
memory. Furthermore, the genetic ablation of Reelin signaling
in vivowas strongly correlatedwith lackof specific transcriptional
responses in contextual fear conditioning paradigms. Particularly
interesting is the connection with genes involved in the ECM
that controls a variety of neuronal processes that are altered in
schizophrenia. While our study has predominantly focused on
hippocampus-dependent plasticity, we do not exclude the pos-
sibility that Reelin signaling might be involved in similar and/or
distinct mechanisms in other areas of the brain implicated in
the induction of memory traces, such as the amygdala or the
cortical regions.While our data revealed an extensive hippocam-
pal transcriptional response to conditioned learning stimuli, it will
be of particular interest in the future to elucidate the contribution
of functionally distinct neuronal subtypes to the regulation of
specific gene networks. Indeed, because of the technical obsta-
cles imposed by tissue heterogeneity, only substantial changes
would be recorded in our hippocampal transcriptomes, while(B and C) Contact profiles depicting the genomic interactions of the Fos promoter
represents the normalized contact frequency calculated based on the linear-tru
enhancers with the promoter (black arrows) are observed. Black bars indicate th
(D) Profiles of normalized ChIP-seq tags of MED23 and MED1 before and after R
See also Figure S5.changes of cell-type-specific transcripts might be more difficult
to detect.
Crosstalk between LRP8 Regulated Intramembrane
Proteolysis and NMDA Receptor-Dependent Nuclear
Signaling
Unexpectedly, we found that proteolytical cleavage of LRP8 is a
crucial component of the synapse-to-nuclear signaling triggered
by Reelin. Further investigation is needed to elucidate which nu-
cleocytoplasmic shuttling mechanism is utilized by LRP8-ICD.
Spatial and temporal constraints of intracellular trafficking repre-
sent future challenges to be addressed, given the current tech-
nical difficulties in tracking few molecules across long distances
dictated by the unique neuronal morphology. However, we have
begun to elucidate the mechanism by which synapses targeted
by Reelin communicate with the nuclear compartment. We
report that the LRP8 proteolysis and NMDA-R activation are
reciprocally regulated in a signaling-dependent manner. This
intriguing result confers on Reelin signaling a pivotal role in the
regulation of excitatory glutamatergic transmission. The sus-
tained hypofunction of glutamatergic signaling via NMDA recep-
tor is considered one of the major mechanistic hypotheses of
schizophrenia (Veerman et al., 2014). Our results provide a
candidate mechanism explaining how the reduction in Reelin
expression observed in schizophrenic patients could contribute
to the development of cognitive impairment of the disorder.
LRN Enhancers as a Novel Epigenomic Signature
Underlying the Synaptic Plasticity Events Triggered by
Reelin
By combining genome-wide epigenetic profiling with de novo
motif analysis, measurement of eRNA transcripts, and assess-
ment of 3D architecture, we identified enhancer regulatory ele-
ments that serve as a signal-responsive genomic signature for
learning and memory. Those LRN enhancers are functionally
linked to neuroplasticity events initiated by Reelin and participate
in rapid and robust activation of key target genes. Recent studies
haveestimated that a striking fractionof loci identified ingenome-
wide association studies are enriched in non-coding sequences
(Maher, 2012; Visel et al., 2009). These large-scale projects aim
to elucidate the genetic architecture of human disease and
corroborate our appreciation of the importance of cis-regulatory
elements, particularly enhancers, as a widespread feature of
common and complex diseases susceptibility, but will require
not only theglobalmappingof enhancers, but also theelucidation
of the precisemolecular mechanisms that regulate their function.
In this context, our study provides an example of a biological
pathway relevant to cognition that is directly linked to a genomic
regulatory network of enhancer elements, which is required for
proper transcriptional regulation of key synaptic plasticity genes.
The link of LRN enhancers to human sequence variations identi-
fied in neuropsychiatric disorders remains to be explored.(viewpoint, gray bar) in cortical neurons (B) or hippocampi (C). The black curve
ncated mean values with a resolution of 1 kb. The expected interactions of
e coordinates of known LRN enhancers.
eelin treatment are shown for distinct enhancers regions.
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Figure 6. Reelin Nuclear Signaling Is Misregulated during Memory Formation In Vivo
(A) Schematic describing the contextual fear conditioning paradigm used to isolate RNA and chromatin from hippocampi for global transcriptomic and epi-
genomic analysis.
(B) Functional gene ontology annotations associated with genes regulated during memory formation in WT mice by RNA-seq.
(C) Box-and-whisker plots of normalized fold changes (log2) of genes in WT and HET Reeler mice 24 hr after fear conditioning training. The y axis shows
expression values in log2 of fold changes. The central horizontal bar indicates the median normalized tag distribution.
(D) Table shows representative learning-induced genes that are misregulated by the altered Reelin signaling in the HRM. A schematic of the synaptic processes
linked to the Reelin-learning-dependent genes is depicted on the top panel.
(E) Distribution of normalized tag densities of ChIP-seq of indicated histonemarks around LRN enhancers elements in hippocampi from naiveWT and HETReeler
mice. Box-and-whisker plots show ChIP-seq tag counts (log2, y axis) in WT and HET Reeler mice. The central horizontal bar indicates the median normalized tag
distribution. Each sample represents a pool of hippocampal dissections from four individual animals.
(F) ChIP-qPCR showing loss of recruitment of MEF2C, LRP8, and CREB at the indicated genomic locations in hippocampi isolated fromWT and HETReeler mice.
Each sample represents a pool of hippocampal dissections from four individual animals.
See also Figure S6EXPERIMENTAL PROCEDURES
All animal care and experimental procedures were in accordance with the
University of California, San Diego research guidelines for the care and use
of laboratory animals (see also Supplemental Information).706 Neuron 86, 696–710, May 6, 2015 ª2015 Elsevier Inc.Primary Cortical Neurons and Cell Cultures
Mixed cortical cultures were established by dissecting E15.5 mouse embryos
as previously described (Jossin et al., 2007). Cultures were maintained for 10–
11 days in vitro before treatment. N2A, HEK293-T, and HEK293 lacking N-ace-
tylglucosaminyltransferase I (GnTI) activity (HEK293S GnTI) were obtained
Figure 7. Synapse-to-Nucleus Signaling
Triggered by Reelin Converges on the Acti-
vation of LRN Enhancers
(Model) Reelin activates a synapse-to-nuclear
signaling by triggering the proteolytical processing
of its receptor LRP8 by g-secretase activity. The
regulated intramembrane proteolysis of LRP8 is
bidirectionally regulated by the activation of the
NMDA-R signaling. The LRP8-ICD is released
from the membrane and translocates into the nu-
cleus where it takes part to the regulation of epi-
genomic events centered on a specific cohort of
enhancers that recruit the neuronal TFs MEF2 and
CREB. LRN enhancer activity depends on the
switch of a CBP co-activator complex and NCoR
corepressor complex. Long-range interactions
between LRN enhancer elements and target pro-
moters involve the mediator complex. LRN en-
hancers are required for the activation of synaptic
plasticity genes that are regulated during memory
formation in vivo.from ATCC. Neuronal cultures were treated with recombinant Reelin that was
purified as described in Supplemental Information. Luciferase assay, immuno-
precipitation, and fractionated cell extracts were performed as described in
Supplemental Experimental Procedures.
Reagents and Antibodies
The antibodies used include LRP8 (cat# ab108208, RRID: AB_10862841),
CBP (cat# ab2832, RRID: AB_303342), H3K27Ac (cat# ab4729, RRID:
AB_2118291), and MEF2C (cat# ab79436, RRID: AB_2250564) from
Abcam; H3K4me2 (cat# 07-030, RRID: AB_10099880), H4K16Ac (cat#
07-329, RRID: AB_310525), CREB (cat# 17-600, RRID: AB_1977138), and
phopho-CREB-(Ser133) (17-10131, RRID: AB_10807817) from EMDMillipore;
MED23 (cat# NB200-337, RRID: AB_2142302) from Novus Biologicals; p-
CaMKII (cat# sc-32289, RRID: AB_626786), GAPDH (cat# sc-365062, RRID:
AB_10847862), and MEF2 (cat# sc-313, RRID: AB_631920) from Santa Cruz
Biotechnology; p-HDAC4-Ser632 (cat# 3424S, RRID: AB_2118727) from Cell
Signaling Technology; and MED1 (cat# A300-793A, RRID: AB_577241) from
Bethyl Laboratories. The rabbit anti-N-CoR antibody was generated as
described previously (Heinzel et al., 1997). The chemical reagents used include
CNQX (#0190), D-AP5 (#0106), and Bicuculline (#0130) from Tocris and PP2
(#529573), KN62 (#422706), and g-secretase inhibitor II (#565755) from
Millipore.
RNA Purification and Preparation of RNA-Seq Libraries
RNA was isolated using Trizol (Life Technologies) for hippocampal dissections
or RNeasy column (QIAGEN) for cortical neurons. RNA was analyzed for purity
using the Agilent 2100 Bioanalyser (Agilent). RNA samples from four litter-
mates for each treatment and genetic background were pooled and used for
library preparations. RNA-seq library preparations were performed using
Ribo-Zero rRNA Removal Kits and ScriptSeq v2 RNA-Seq Library Preparation
Kit, according to manufacturing procedures (Epicenter). The ScriptSeq Index
PCR Primers (Epicenter) were used to add an Illumina barcode to RNA-Seq
libraries during PCR amplification using the FailSafe PCR Polymerase
(Epicenter).
GRO-Seq Libraries Preparation
GRO-Seq experiments were performed as previously reported (Core et al.,
2008; Li et al., 2013). Briefly, nuclei were prepared from20millions of cortical
neurons. For the run-on assay, nuclear-run-on-RNA (NRO-RNA) was ex-
tracted with TRIzol LS reagent (Life Technologies) following manufacturer’s
instructions. NRO-RNA was fragmented to 300–500 nt by alkaline base hy-
drolysis and followed by treatment with DNase I and Antarctic Phosphatase.
At this step, anti-BrdU argarose beads (Santa Cruz Biotechnology) were
utilized to purify the Br-UTP-labeled nascent RNA. Fragmented RNA wasend repaired by T4 PNK and purified by acidic phenol-chloroform extraction.
cDNA synthesis was performed as previously described (Ingolia et al., 2009)
with few modifications. The RNA fragments were subjected to poly-A tailing,
followed by reverse transcription using oNTI223 primer and superscript III
RT kit (Life Technologies). The cDNA products were size-selected by gel exci-
sion using a 10%polyacrylamide TBE-urea gel (100–500 bp). The first-strand
cDNA was circularized by CircLigase (Epicenter) and relinearized by APE1
(NEB) (sscDNA) and then separated/excised by a 10% polyacrylamide TBE
gel as described above (120–320 bp). Finally, sscDNA template was ampli-
fied by PCR using the Phusion High-Fidelity enzyme (NEB). The oligonucleo-
tide primers oNTI200 and oNTI201 were used to generate DNA for deep
sequencing (GRO-seq primer sequences are included in Table S2).
Preparation of ChIP and ChIP-Seq Libraries
ChIP was performed as previously described with some modifications (John-
son et al., 2007). Briefly, 20-million neurons were double cross-linked with
2-mM disuccinimidyl glutarate (DSG) (ProteoChem) for 45 min and then for
another 10 min with 1% formaldehyde. Soluble chromatin was fragmented us-
ing a Bioruptor sonicator (200–400 bp). Soluble chromatin was incubated at
4C overnight with 2- to 5-mg antibodies prebound to 20-ml Dynabeads Protein
G (Life Technologies). After washing, ChIP-ed DNA was eluted/de-cross-
linked at 65C for 4 hr and purified using iPureLink kit (Diagenode). For
ChIP-seq, the DNA libraries were constructed following Illumina’s ChIP-Seq
Sample prep kit (following manufacturer’s instructions). For ChIPs conducted
on hippocampal microdissections, a similar protocol described for the nu-
clear/cytosolic protein extraction was performed to obtain single-cell suspen-
sions before cross-linking. For ChIP-qPCR experiments from LRP8-KO or
HRM mice, chromatin extracted from hippocampal microdissections of four
individual animals was pooled to perform ChIP for each antibody.
4C-Seq Libraries Preparation
Chromosome confirmation capture was performed as described previously
(Lieberman-Aiden et al., 2009). Briefly, 20 million cells were used for each
4C. For 4C-Seqs conducted on hippocampal microdissections, a similar pro-
tocol described for the nuclear/cytosolic protein extraction was performed to
obtain single-cell suspensions before cross-linking. Cells were cross-linked
with 1% formaldehyde for 10 min. Soluble chromatin was subjected to restric-
tion endonuclease digestion overnight, using 400 units of HindIII (NEB).
Furthermore, intramolecular ligations were supported using 1,000 U of T4
DNA ligase (NEB) for 4 hr at 16C. Then chromatin was de-cross-linked at
65C and purified. Second restriction digestion was performed overnight, us-
ing 50 units of DpnII (NEB). Subsequently, intramolecular interactions were
ligated overnight. Chromatin was subjected to RNaseA digestion, purified
using QIAGEN columns, and subjected to PCR (expand long-range PCRNeuron 86, 696–710, May 6, 2015 ª2015 Elsevier Inc. 707
system; Roche Diagnostics) using a first primer designed on the viewpoint and
a second outer primer designed beside the DpnII site (Table S2). Both primers
contained illumina sequencing adapters and Barcodes for multiplexing.
Approximately 16 reactions were performed for each viewpoint to generate
complex libraries.
Detailed bioinformaticsmethods for the analysis of deep-sequencing exper-
iments were performed as described in Supplemental Information.
ACCESSION NUMBERS
The NCBI Gene Expression Omnibus accession number for the sequencing
data reported in this paper is GEO: GSE66710.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
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